Abstract. The direct and indirect impacts of energy development on prairie grouse have been an increasing concern for scientists and land managers. The need to better understand impacts and develop appropriate mitigation measures has led to studies designed to identify specific and cumulative effects of oil and natural gas development on grouse populations and habitats. The purpose of this review is to summarize current knowledge on the effects of oil and gas development and production on prairie grouse based on publications that report empirical evidence about these impacts. It is important to understand the design of each study including use of control and treatment areas, sample sizes, and other factors to assess the strength of inference. Consequently, in addition to reporting general findings, I also provide an evaluation of study design and rigor. Reviewed studies were designed as (i) observational studies, where radio-marked birds were used to assess parameters of interest such as survival and nest success relative to impacts from oil and gas development or (ii) correlative studies evaluating cause and effect relationships such as lek counts and habitat selection in relation to development infrastructure such as well pad or road densities. Most of the currently available information on impacts is focused on lek abandonment and changes in male lek attendance. Fewer studies have examined nest success, nest initiation, survival, other vital rates, or habitat selection. The mechanistic properties of disturbances are not well understood as they relate to oil and gas development and prairie grouse. Based on this literature review, it is suggested that there is a need for further research to more clearly elucidate impacts of oil and gas development on prairie grouse to provide suitable mitigation actions to offset these impacts.
Introduction
Increasing energy consumption and the reliance on foreign energy sources in the United States led the George W. Bush administration to institute 4 initiatives addressing these issues: (1) help the nation become more energy efficient, (2) create new sources of energy, (3) increase domestic production from existing resources, and (4) work with other nations on energy efficiency (American Gas Association 2005:2-3). To increase domestic production there has been a 60% increase in recent years in the number of permits for drilling in the Rocky Mountain West (American Gas Association 2005). From 1929 From to 2004 applications to drill were filed with federal agencies in 13 western states; 95.7% were authorized, 3.0% were pending, 1.2% were withdrawn, and <0.1% were rejected (Connelly et al., 2004) . These statistics suggest oil and gas development is rapidly increasing in the West, propelled by national initiatives to increase energy supplies from federal lands (Connelly et al., 2004 , American Gas Association 2005 .
Oil and gas development may impact other resources including ground water, surface water, fish and wildlife habitat, and archaeological sites. Because prairie grouse inhabit many areas currently being developed for oil and gas production, they present an interesting case study to evaluate the influences of energy development on wildlife. There are 5 species of prairie grouse in North America, including greater prairie chicken (Tympanuchus cupido), greater sage-grouse (Centrocercus urophasianus), Gunnison sage-grouse (C. minimus), lesser prairie-chicken (T. pallidicinctus), and sharp-tailed grouse (T. phasianellus). Understanding the impacts of disturbances such as oil and gas development on prairie grouse populations is complex. Impacts can be quantified directly through habitat loss and direct mortalities or indirectly through measuring the avoidance of birds to disturbances, evaluating trends in population parameters such as lek counts, modeling changes in habitat selection, and estimating effect sizes in vital rates such as nest success and survival. Five geologic basins (Greater Green River, Montana Thrust Belt, Paradox-San Juan, Powder River, and Uinta-Piceance) contain the majority of onshore oil and natural gas on federal lands in the United States (U.S. Departments of Interior, Agriculture, and Energy 2003). Incidentally, each of these basins underlies current habitat for greater or Gunnison sage-grouse (Schroeder et al., 2004) . Rigorous research is essential to understand direct and indirect impacts to prairie grouse across this expansive landscape. Better understanding impacts can lead to improved mitigation measures to lessen impacts on grouse populations.
State of Current Knowledge
It is imperative to understand the direct and indirect effects of energy development on prairie grouse and their habitats to propose meaningful mitigation measures. Consequently, the purpose of my review is to summarize current knowledge of the effects of oil and gas development and production activities on prairie grouse, based on 13 publications that report empirical evidence about impacts on greater sage-grouse and lesser prairie-chickens (Appendices A and B). I did not find papers describing influences of oil and gas development on greater prairie-chicken, Gunnison sage-grouse, or sharp-tailed grouse. It is important to understand the experimental or sampling designs of each study including use of control and treatment areas, sample sizes, and other factors to assess the strength of inference of each study. Environmental impact studies are typically designed as quasi experiments because the impacted or treatment areas are not randomized as in a manipulative experiment (Manly 2001) . However, quasi experiments with replicated treatment and control areas with pre-and post development data can provide strong inference because impacts can be inferred through temporal and spatial patterns (Green 1979 ).
None of the identified studies was designed as a manipulative or quasi experiment (Appendix A), which is symptomatic of the inability of researchers to establish studies before oil and gas field development begins. Reviewed studies were designed as (i) observational studies, where radiomarked birds were used to assess parameters of interest such as survival and nest success relative to impacts from oil and gas development or (ii) correlative studies evaluating cause and effect relationships such as lek counts and habitat selection in relation to development infrastructure such as well pad or road densities (Appendices A and B).
Despite the weaknesses of some study designs, corroboration of results from different studies even under different conditions provides support that biological patterns are not artifacts of study designs, methods, investigators, or limited to temporal or spatial extent of individual studies.
Replicating entire studies even under different conditions and locales is termed metareplication (Johnson 2002) . Similar conclusions from replicated studies provide support even for small studies with relatively poor study designs. For instance, lek abandonment caused by oil and gas field disturbances has been reported from studies of lesser prairie chickens in New Mexico and greater sage-grouse in Alberta, Colorado, Montana, Utah, and Wyoming. Each study occurred under different conditions and employed different methodology (Appendix B).
Most of the currently available information on impacts is focused on lek abandonment and changes in male lek attendance (Appendix B). Fewer studies have examined nest success, nest initiation, survival, other vital rates, or habitat selection (Appendix B). The mechanistic properties of disturbances such as noise levels, traffic volumes, and dust are not well understood in relation to oil and gas development and prairie grouse. For example, noise was 52.5 dB, 20 m from the center of a lek where 5 lesser prairie-chicken males displayed in New Mexico (Hunt 2004 ). It would be necessary for a drill rig to be 320 to 480 m from a lesser prairie chicken lek to avoid creating noise exceeding 52.5 dB; this region encompasses an area of 0.3-0.7 km 2 (Hunt 2004 ). Anecdotal evidence exists for visual, movement, and auditory disturbance by oil and gas development at several leks in Utah, which indicates that pump mufflers and strategic placement of well pads and associated infrastructure may alleviate lek abandonment (Appendix C).
Total habitat area that has been impacted by oil and gas development has rarely been quantified. Naugle et al., (In press ) quantified the number of wells, densities of roads and power lines, and number of ponds for ranch lands, ranch land with tillage agriculture, ranch land with energy development (coal-bed methane natural gas), and ranch land with tillage agriculture and energy development in the Powder River Basin of northeast Wyoming and southeast Montana.
Where ranch lands, tillage agriculture, and energy development coincided 70% of the landscape was within 100 m and 85% within 200 m of a human feature. These levels of development are beyond the threshold of tolerance for sage-grouse (Naugle et al., In press), which are manifest by substantial declines in this population related to energy development (Walker et al., 2007) . indicates that surface occupancy may need to be at least 1.6 km from leks to avoid declines or abandonment (Appendix B). Empirical and anecdotal evidence also indicates that lessening noise and visual disturbance of oil and gas field infrastructure may make these features more compatible with lekking grouse at distances less than 1.6 km from leks; however, these relationships have not been rigorously evaluated (Hunt 2004 ; Appendix B; Appendix C).
Below, I list several topics that research should address to better understand the effects of oil and gas development on prairie grouse populations. There is a great need for research to more clearly elucidate impacts of oil and gas development on prairie grouse and to provide suitable mitigation actions to offset these impacts. Significantly fewer males per lek and lower rate of growth for these leks than 200 leks that were >0.4-km from a well 2 LPC NM P unknown Abandoned leks had more active and total wells, greater road length, and nearer to power lines than active leks within a 1. Within a 4-km 2 area, sage-grouse were 1.3-times more likely to occupy sagebrush habitats without CBNG wells compared to those that had the maximum density of 12. (11) Pitman et al., (2005) , (12) Robel et al., (2004) .
